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SCREENING FOR GENETIC VARIATION 

This application is a continuation-in-part of US. Ser. No. 
07/874192. ?led Apr. 24. 1992. now abandoned 

The invention relates to the detection of sequence dif 
ferences between test and reference nucleic acids; that is. to 
means and methods for the detection of the existence in a 
test polynucleotide of a genetic defect. or variation. from a 
reference. typically wild-type. polynucleotide. The inven 
tion is useful in clinical. forensic. and research contexts. 

BACKGROUND OF THE INVENTION 

Methods known in the art for comparing nucleotide 
sequence di?‘erences in DNA molecules are reviewed in 
Cotton. R.. 1989. Biochem. J. 263:1. and include those 
aimed at detecting sequence differences when the sequence 
and location of a given region of DNA are known. discov 
ering previously unknown mutations in a known region of 
DNA. and locating a previously unknown region containing 
a mutation. 

Previous methods of detecting known sequence differ 
ences include: the failure of an oligonucleotide having a 
wild-type DNA sequence to hybridize under stringent con 
ditions to sample DNA containing a mutation. the failure of 
PCR primers to hybridize under stringent conditions to 
sample DNA containing a mutation. and the consequent 
failure of sample DNA containing a mutation to become 
ampli?ed using PCR; the failure of adjacent oligonucle 
otides to ligate due to a failure of one or both oligonucle 
otides to hybridize under stringent conditions to sample 
DNA containing a mutation; the use of primer extension 
analysis to detect incorporation of differentially labeled 
bases where the primer hybridizes to the sample DNA 
adjacent to the mutation; and the detection of changes in 
cleavability of a restriction enzyme site as an indicator of the 
presence of a mutation. 

Previous methods of detecting a mutation of unknown 
identity within a known region of the genome include those 
in which a heteroduplex molecule is created from one strand 
of test DNA and one strand of reference DNA. Mismatches 
between the reference and test DNAs may be detected by 
carbodiirnide modi?cation of mismatched Thymidine (T) 
and Guanine (G) bases and detection of the resultant mobil 
ity shifts of modi?ed versus control DNA; by ribonuclease 
cleavage of mismatched pyrimidine bases of RNA/DNA 
hybrids. and detection of points of cleavage in the molecule; 
by detection of di?erences in melting temperature between 
heteroduplex and homoduplex DNA. e.g.. by denaturing gel 
electrophoresis; and chemical modi?cation and cleavage of 
mismatched bases using hydroxylamine (to modify 
cytosine) or osmium tetroxide (to modify thymidine) modi 
?cation and piperidine cleavage. and subsequent detection 
of cleaved DNA. Additional methods for detecting an 
unknown mutation within-a region of DNA include: detect 
ing differences in secondary structure by looking for differ 
ential mobility in gels of single stranded reference and test 
DNA; and by direct sequencing of both reference and test 
DNAs. 

Several methods of locating mutations where both the 
identity and region of the mutation are described in the art. 
RFLP analysis. in which Restriction Fragment Length Poly 
morphisms are analyzed. identi?es sequence differences 
which occur at restriction enzyme cleavage sites of test and 
reference DNAs. or by the insertion or deletion of a number 
of bases. RFMP analysis (Gray. 1992. Amer. J. Hum. Genet. 
50331) is a variation of RFLP analysis in which denaturing 
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2 
gradient gel electrophoresis is used to identify sequence 
variations both at and between restriction enzyme cleavage 
sites. 

The Southern Cross method. described in Potter and 
Dressler (1986. Gene 48:229). also depends upon sequence 
differences between test and reference DNAs that occur at 
sites of restriction enzyme cleavage. In this method. a 
reference DNA is digested with one or more restriction 
enzymes and analyzed by a modi?ed Southern procedure. 
According to this modi?ed Southern procedure. hybridiza 
tion of two identical membranes. which are positioned at 90° 
angles with respect to each other. gives a signal that forms 
along a diagonal line of hybridization. In contrast. where test 
and reference membranes are hybridized at 90° angles. 
diiferences in restriction fragment patterns between the test 
and reference DNAs are indicated by off-diagonal signals. 

Finally. the differential genomic DNA cloning method 
depends upon the inability of dephosphorylated reference 
DNA in a referenccjtest DNA hybrid to ligate to dephos 
phorylated vector DNA. In this method. described in Yokata 
and Oihsi (1990. Proc. Nat. Aca. Sci. 87:6398). test and 
reference DNAs are digested separately with restriction 
enzymes. reference DNA is then dephosphorylated. and the 
two DNAs are combined at a ratio of 100/1 of reference to 
test DNA. The mixture is subjected to agarose gel 
electrophoresis. and the DNA is denatured and renatured in 
the gel. such that unique restriction fragments will likely 
self-anneal and non-unique fragments will likely reanneal 
with reference strands. Subsequent cloning of the reannealed 
fragments will favor reannealed test DNA clones. since the 
dephosphorylated reference DNA or reference/test hybrids 
will not be ligated to a dephosphorylated vector. 
DNA mispairing can occur in vivo and is recognized and 

corrected by repair proteins. Mismatch repair has been 
studied most intensively in E. coli, Salmonella typhimurium. 
and S. pneumoniae. The MutS. MutH and MutL proteins of 
E. coli are involved in the repair of DNA mismatches. as is 
the product of the uvrD gene in E. coli, helicase IL MutS 
appears to play a central role in mismatch correction. 
Besides the repair system directed by Dam~mediated methy 
lation of d(GATC) sites. MutS is also active in two other less 
e?icient mismatch repair processes. One of these processes 
acts on symmetrically methylated DNA and may serve to 
repair mismatches produced during recombination. The 
other corrects cytosine (C) to Thymidine (T) transitions at 
the internal C of the Dem methylase sequence d(CCA/I‘GG) 
or subsets thereof and also requires mutL+ and dcm“. 

Mismatched base pairs can arise in vivo during homolo 
gous recombination of allelic genes. by chemical modi?ca 
tion of DNA. or from errors made by DNA polymerase. 
Repair of mismatched DNA base pairs has been invoked to 
explain a variety of genetic phenomena. including gene 
conversion in Neurospora spp. and other fungi (Mitchell. 
1955. Proc. Nat. Aca. Sci. 411215; Rossignol. 1969. Genet 
ics 63:795). postmeiotic segregation in Sacchammyces cer 
evisiae (Williamson et al.. 1985. Genetics 110:609). high 
negative interference and gene conversion in lambda phage 
crosses (Nevers et al.. 1975. Mol. Gen. Genet. 1392233; 
White et al.. 1974. Proc. Nat. Aca. Sci. 71:1544; Wildenberg 
et al.. 1975. Proc. Nat. Aca. Sci. 7222202). and the existence 
of high and low e?iciency transforming markers in Strep 
tococcus pneumoniae (Ephrussi etal.. 1966. J. Gen. Physiol. 
49:211; Lacks. 1966. Genetics 53:207). 

Jiricny et al. (1988. Nucl. Ac. Res. 16:7843) performed in 
vitro binding experiments using MutS and a series of 
synthetic DNA duplexes containing known mismatches or 
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mismatch analogues of the purine/pyrimidine type in order 
to demonstrate that MutS binds in vitro to double-stranded 
DNA containing a mismatched nucleotide pair. Su et al. 
(1986. Proc. Nat. Aca. Sci. 8325057) have shown that highly 
puri?ed MutS binds to a puri?ed 120 base pair restriction 
fragment containing a single mismatch in vitro and protects 
approximately 22 nucleotides surrounding the mismatch 
against DNase attack. Su et al. (1988. J. Biol. Chem. 
263 :6829) demonstrates that MutS recognizes all eight pos 
sible DNA base mismatches. 

McKay (1981. J. Mol. Biol. 145:471. hereby incorporated 
by reference). describes a method of purifying certain SV40 
DNA restriction fragments using an immunoprecipitation 
procedure in which the SV40 T antigen-related protein binds 
to these DNA fragments. Blackwell and Weintraug (1990. 
Science 250:1104). hereby incorporated by reference. 
describes a method of purifying DNA sequences that bind to 
a protein of interest based on amplification of a binding site. 
The protein of interest is bound to DNA fragments and the 
bound fragment(s) is isolated using an electrophoretic 
mobility shift assay. 

Objects of the invention include methods for rapid and 
accurate genetic screening and diagnosis by comparing two 
nucleic acids for diffmences in their nucleotide sequences. 
Another object is to diagnose genetic diseases in mammals. 
especially humans. by rapid screening for a previously 
observed mutation(s) known to cause a genetic disease. 
Another object is to rapidly screen the genome of an 
individual for genetic variation of a speci?c region of DNA. 
where the nature and position of the variation is unknown. 
by comparing a nucleic acid sequence known to re?ect 
normal gene function with a nucleic acid sample suspected 
to contain a genetic defect. Yet another object is to locate 
previously unknown mutations of a nucleotide sequence and 
to identify the sequence itself. where the nature and position 
of the mutation within a region of the genome is unknown. 
and where the location of the region itself is unknown. 

SUMMARY OF THE INVENTION 

The invention provides methods of detecting and/or iden 
tifying polynucleotide sequence differences which may be 
the basis for genetic disease. The method involves hybrid 
izing a “test”. i.e.. a potential variant. nucleic acid. e.g.. from 
a patient. with a nucleic acid standard. If the test and 
standard (reference) nucleic acids contain one or more 
nucleotide sequence differences. then the double stranded 
nucleic acid formed from hybridization of the sequences will 
contain one or more nucleotide pair mismatches. i.e.. will 
comprise a heteroduplex. In accordance with the invention. 
protocols are provided which permit detection of the pres 
ence of the heteroduplex. and/0r segregation of a fraction 
rich in heteroduplex. The detection and fractionation meth 
ods involve exploitation of the selective binding properties 
of mismatch binding proteins. 
The invention encompasses methods which allow for 

detection of differences between nucleotide sequences with 
greatly increased sensitivity. The methods of the invention 
allow one to detect single or multiple nucleotide differences 
between a nucleic acid standard and a sample nucleic acid 
without relying on restriction fragment length differences. 
The invention also provides for enrichment of heteroduplex 
fragments containing mismatches. even in a sample con 
taining excess homoduplex. thereby achieving more sensi 
tive detection of the mismatch. The methods also may be 
used quantitatively to determine the fraction of heteroduplex 
fragments in a mixture. and the proportion of mismatch 
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4 
binding protein bound to heteroduplex. and thus also may be 
used to determine the number of mismatches within a test 
sample. The methods also allow for recovery of nucleic acid 
fragments containing sequence mismatches from a mixture 
containing excess fully complementary fragments. Recov 
ered fragments may be analyzed further. for example. to 
determine the identity and position of the mismatch by 
determining the nucleotide sequence of the mismatch 
region. 

In a ?rst aspect. the invention features methods of genetic 
screening for a nucleotide variation which generally include 
the following steps. A mixture of nucleic acids which 
includes heteroduplex nucleic acids. i.e.. heteroduplex 
including a test nucleic acid strand hybridized with a refer 
ence nucleic acid strand generated by annealing test and 
reference nucleic acid. and which includes a mismatched 
nucleotide pair. is subjected to a mismatch binding protein 
under conditions which promote binding of the protein to 
heteroduplex in the mixture to form a heteroduplex/binding 
protein complex. The presence of the mismatched nucle 
otide pair then is detected. using the methods disclosed 
below. as an indication of die presence of genetic variation 
between the test and reference nucleic acids. 

In preferred embodiments of this aspect of the invention. 
the mixture provided may be a complex mixture of different 
nucleic acid fragments. some of which are heteroduplex 
fragments. but many or a majority of which are homoduplex 
nucleic acids. The test nucleic acid may be isolated from a 
collection of organisms and may include nucleic acid from 
any tissue or cell of several members of a species. 
Alternatively. the test nucleic acid may be sampled from an 
individual and thus may comprise nucleic acid from one 
unique representative of a species. In addition. the test 
nucleic acid may be suspected. but not known. to contain a 
nucleotide variation from a wild-type sequence which 
encodes a normal. functional protein or regulatory element. 
A nucleotide variation in the test nucleic acid comprises one 
half of a mismatched nucleotide pair when the test nucleic 
acid is hybridized to the reference nucleic acid. 

The mixture of nucleic acids provided in the method 
typically are generated by annealing the test and reference 
nucleic acids. The test nucleic acid may be produced by 
cleaving double stranded test nucleic acid into a fragment 
which spans the same nucleotide region(s) as the reference 
nucleic acid(s). Both the test and reference nucleic acids 
may be either single or double stranded. If either is double 
stranded. the test mixture must be “melted”. i.e.. denatured 
to produce single stranded polynucleotide. before annealing. 
Generally. the test and the reference nucleic acids may be 
genomic DNA. cDNA. MRNA. synthetic polynucleotide. 
mitochondrial DNA. ampli?ed or circular DNA. or other 
single or double stranded polynucleotide. from whatever 
source. While it is preferable that the reference nucleic acid 
be single stranded. it also may be double stranded. 
The annealed mixture of test and reference nucleic acids 

will include a concentration of heteroduplexes if this test 
nucleic acid embodies at least one base difference from the 
reference. The heteroduplexes present in this mixture may 
be fractionated from the mixture by affinity purification in 
which a mismatch binding protein binds to the heterodu 
plexes preferentially to the homoduplexes in the mixture. 
The bound heteroduplexes may then be recovered from the 
a?inity puri?cation. e.g.. released. to produce a fraction 
which contains a higher concentration of heteroduplex. 
The methods of genetic screening also may include the 

immobilization of reference nucleic acid to a solid support 
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For example. reference nucleic acids may be immobilized to 
a solid surface in a array of plural. spaced-apart spots. The 
spots of reference nucleic acid are then exposed separately 
under hybridizing conditions to a test nucleic acid such that 
the test and immobilized reference nucleic acids are able to 
form a hybrid. The hybrids then are contacted with the 
mismatch binding protein under conditions su?icient to 
allow the binding protein to bind to a heteroduplex contain 
ing a mismatched nucleotide pair. Finally. the bound mis 
match binding protein. or the heteroduplex/protein complex. 
is detected as an indication of genetic variation between the 
test sample and the reference nucleic acid at that spot. 

Detection of the heteroduplex may be conducted by 
detecting the mismatch binding protein that is bound to the 
heteroduplex. e.g.. using a labeled form of the mismatch 
binding protein or a separate binding protein such as an 
antibody speci?c for the mismatch binding protein. 
Alternatively. the heteroduplex may be detected by detecting 
the complex. e.g.. with an antibody speci?c for an epitope on 
the heteroduplex/mismatch binding protein complex. 
Alternatively. the bound mismatch binding protein or bound 
heteroduplex may be released from the complex before 
detection of the released component. Alternatively. the mis 
match binding protein may modify the heteroduplex before 
it releases. and the modi?cation may be subsequently 
detected. The heteroduplex itself can include a detectable 
moiety. e.g.. a radioactive or other label bound to the 
reference nucleic acid. and the detecting step can include 
detecting the detectable moiety after fractionation of the 
heteroduplex. The methods may also include. in addition to 
detecting the presence of a mismatched nucleotide pair. 
determining the identity or location of the nucleotide varia 
tion in the test strand. The identity or location of the 
nucleotide variation may be determined by analyzing the 
nucleotide sequence of the test nucleic acid strand and 
comparing it to the sequence of the reference strand 

In a second aspect. the invention features methods of 
selectively enriching a nucleic acid preparation in fragments 
containing a nucleotide variation. by enriching for hetero 
duplex nucleic acids in a mixture. Selective heteroduplex 
enrichment of a mixture which includes a ?rst concentration 
of heteroduplex nucleic acids may be performed by sepa 
rating the heteroduplex nucleic acids by ai?nity puri?cation 
in which the mismatch binding protein binds to 
heteroduplex. and recovering heteroduplex to produce a 
mixture that contains a second. higher concentration of 
heteroduplex. As a variation on this method. the mixture ?rst 
is reacted with a mismatch binding protein such that the 
heteroduplex binds to the protein to form a heteroduplex 
protein complex. and then the complex is separated from the 
mixture by af?nity puri?cation to produce a mixture having 
a higher concentration of heteroduplex. In both variations of 
this aspect of the invention. the a?inity puri?cation step 
involves a binding reaction in which the heteroduplex is 
selectively bound by a mismatch binding protein which 
preferably is coupled to a solid support. followed by elution. 
The binding and elution steps may be repeated interactively 
until a desired degree of puri?cation of heteroduplexes is 
achieved. Numerous modi?cations of this general procedure 
are encompassed by the invention. For example. the mis 
match binding protein/heteroduplex complex may be bound 
by l) a protein speci?c for one or both components of the 
complex. e.g.. an antibody. 2) a metal column capable of 
binding to a histidine tail engineered onto the mismatch 
binding protein. or 3) a protein capable of binding to a ?ag 
sequence on the mismatch binding protein. A solid support 
may not be preferable; e.g.. an antibody may be used to 
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6 
immunoprecipitate the mismatch binding protein/ 
heteroduplex complex. 

In both aspects of the invention. the test nucleic acids may 
be prepared by. for example. performing a polymerase chain 
reaction on a region of interest in test nucleic acid sample. 
In addition. an ampli?cation step. e.g.. by polymerase chain 
reaction. may be useful at other points of the methods. e.g.. 
after a?inity puri?cation of heteroduplex nucleic acids to 
produce an ampli?ed heteroduplex sample. Where a PCR 
step is performed. it may be necessary to ligate PCR tails to 
the test. reference. or heteroduplex nucleic acids prior to the 
mismatch binding protein binding reaction. 

In both aspects of the invention. when the reference 
nucleic acid is labeied. the methods may include the addi 
tional step of adding excess unlabeled nucleic acid to the 
mixture of test and reference nucleic acids to serve as a 
competitor to mismatch binding protein binding. thereby to 
reduce background Background may be caused by the 
nonspeci?c binding of mismatch binding protein to homo 
duplex nucleic acid. In this case. detection of labeled refer 
ence nucleic acid does not correlate directly with the amount 
of heteroduplex present. even though puri?cation was con 
ducted with mismatch binding protein because of non 
speci?c interactions between the mismatch binding protein 
and homoduplex nucleic acid. However. the presence of 
unlabeled competitor creates a dilution effect on labeled 
homoduplex nucleic acid. formed by annealing of reference/ 
reference strands or test/test strands. which otherwise would 
be mistaken for heteroduplex. Alternatively. background 
may be reduced using an ampli?cation step. PCR tails are 
ligated to the test and reference nucleic acids but not to the 
competitor nucleic acid. Excess competitor is added to the 
mixture prior to binding of mismatch binding protein. The 
subsequent ampli?cation of presumed heteroduplex nucleic 
acid puri?ed from the complex also will result in ampli? 
cation of nonspeci?cally bound homoduplex nucleic acid. 
However. the presence of excess competitor nucleic acid 
lacking PCR tails will dilute out the e?’ect of nonspeci?c 
binding because nonspeci?cally bound competitor nucleic 
acid will not be ampli?able. 

In another aspect. the invention features apparatus for 
conducting comparisons of the sequence of test and refer 
ence nucleic acid. and for determining the existence or 
nature of a difference between two or more nucleic acid 

sequences. Broadly. these apparatus include. as essential 
elements. a mismatch binding protein. and either or both 
means for detecting the presence of the protein or a protein/ 
heteroduplex complex. and/or means for separating hetero 
duplex from homoduplex in a mixture. 
A kit for detecting a heteroduplex nucleic acid as an 

indication of genetic variation may include an array of 
separately spaced reference nucleic acids coupled to a 
support. and a mismatch binding protein. Preferably. the 
mismatch binding protein is labeled. but alternatively. the kit 
may include a protein that binds the mismatch binding 
protein. e.g.. a labeled protein such as an antibody or an 
unlabeled antibody that is bound by a labeled antibody. The 
protein capable of binding the mismatch binding protein 
may be immobilized on a solid support. 

A detection kit may also include a mismatch binding 
protein immobilized on a solid support. and means for 
detecting a heteroduplex bound to the support through the 
protein. or eluted from the support. 
The invention also features a kit for separating a hetero 

duplex nucleic acid from a mixture of heteroduplex and 
homoduplex nucleic acids. which includes a mismatch bind 
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ing protein. a moiety capable of binding a mismatch binding 
protein. or a moiety capable of binding a complex compris 
ing a mismatch binding protein and a heteroduplex. all 
coupled to a solid support. and means for separating the 
heteroduplex from homoduplex. Any of the kits may include 
a reference nucleic acid. 

In still another aspect. the invention features a solid 
support. e.g.. an a?inity matrix for binding heteroduplex 
nucleic acids. The support comprises a mismatch binding 
protein coupled to a high surface area matrix. Alternatively. 
the support may comprise immobilized moieties which bind 
a mismatch binding protein. or bind a heteroduplex! 
mismatch binding protein complex. 
As used herein. a “mismatch binding protein” refers to 

any organic moiety. e.g.. a protein. polypeptide. organic 
analog thereon. or other moiety or mixture of moieties. 
which bind preferentially to regions of double-stranded 
nucleic acids containing a mismatch. The mismatched 
regions may be as little as one nucleotide pair and may be 
as large as 5-10 nucleotide pairs. e.g.. a small loop region. 
Such binding proteins include but are not limited to naturally 
occurring proteins. such as MutS. MutL. Mutl-I. and MutU 
(helicase H) from E. coli and Salmonella typhimurium. 
HexA and HexB from S. pneumonaie, and mismatch binding 
proteins found in higher organisms. including humans 
(Jiricny et a1.. 1988 Proc. Nat. Aca. Sci. U.S.A. 8518860; 
Stephenson et a1.. 1989. J. Biol. Chem. 264121177). and 
analogs thereof which contain amino acid differences that do 
not destroy binding of the protein to the mismatched 
nucleotides. but may have properties not present in conven 
tional mismatch binding protein. e.g.. thermostability. As 
used herein. “mismatch binding protein” also includes pro 
teins which do not naturally bind a nucleotide mismatch. but 
which has been altered or engineered to bind a nucleic acid 
fragment containing mismatched nucleotides. and muteins; 
derivatives. truncated analogs. or species variants of natu 
rally occurring mismatch binding proteins. The de?nition 
also includes an antibody or a mixture of antibodies that 
recognizes and binds heteroduplex nucleic acids. Also 
included in the invention are mismatch binding proteins that 
modify nucleic acids containing mismatches. thus allowing 
the nucleic acid to be subsequently recognized by other 
proteins or means. 

As used herein. “homoduplex” refers to double stranded 
nucleic acid containing ?rst and second strands which are 
fully complementary. “Heteroduplex” refers to double 
stranded nucleic acid containing ?rst and second strands 
which are substantially complementary. but which contains 
regions of noncomplementary. i.e.. one or more mismatched 
nucleotide pairs. Regions of noncomplementarity may cause 
small loops to form within one strand of the heteroduplex. 
There may be as few as one region of noncomplementary per 
heteroduplex. or many regions. so long as the heteroduplex 
can form a stable hybrid under conditions selected to-form 
the hybrid. A non-complementary region may include inser 
tions or deletions of one or more bases of one strand relative 
to the other strand. "Competitor" nucleic acid refers to 
homoduplex nucleic acid that is either unlabeled or does not 
contain PCR tails. or that is distinguishable from heterodu 
plex nucleic acid. “Excess homoduplex" nucleic acid refers 
to a mixture containing at least two-fold. preferably at least 
?ve- or ten-fold. and most preferably at least IOO-fold more 
homoduplex nucleic acid than heteroduplex nucleic acid. 
where the excess homoduplex nucleic acid is a natural 
by-product of the process that created the heteroduplex 
nucleic acid. “Excess competitor” nucleic acid refers to a 
mixture containing at least two-fold. preferably at least ?ve 
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8 
or ten-fold. most preferably at least l00-fold more competi 
tor homoduplex-nucleic acid than heteroduplex nucleic acid. 
“Nucleic acid" refers to DNA or RNA containing naturally 
occurring nucleotides or synthetic substitutions thereof. 
“Test” nucleic acid refers to single- or double-stranded DNA 
or RNA to be compared to the nucleic acid standard. e.g.. 
DNA from a patient suspect of having a genetic disease. 
“Reference nucleic acid” refers to a single or double 
stranded nucleic acid standard. e.g.. a nucleic acid encoding 
a normal protein or regulatory function. “Mismatched nucle 
otide pair” refers to a nucleotide pair which does not match 
according to Watson/Crick base pairing. i.e.. is not GsC. A:T. 
or A:U. A “nucleotide variation” is a nucleotide sequence 
difference between a test nucleic acid and a reference nucleic 
acid. and constitutes as little as one base pair of a mis 
matched nucleotide pair. “Amplify" means to make multiple 
copies of a nucleic acid fragment or a mixture of nucleic 
acids. “PCR” means polymerase chain reaction. and “PCR 
tail” refers to oligoxucleotide duplexes which are ligated to 
the ends of nucleic acids and which. upon denaturation. may 
hybridize to complementary primers used to prime the 
synthesis of DNA. “Labeled” means containing a detectable 
moiety or a moiety which participates in a reactions result 
ing in detection. e.g.. a chromogenic reaction. A detectable 
moiety may. include but is not limited to a radioactive 
marker. e.g.. 32F. and non-radioactive markers. e.g.. biotin. 
“A?inity puri?cation” or “at?nity fractionation" means to 
separate heteroduplex or heteroduplex/binding protein com 
plex from other components based on the affinity of the 
heteroduplex or complex. An “at?nity matrix" is a solid 
support which is used to a?inity purify heteroduplex or 
heteroduplex/binding protein complex. 
As used herein. a nucleic acid “isolated from an organ 

ism" refers to DNA or RNA that has been extracted directly 
from cells or tissue of one or more members of a species. 
e.g.. prokaryotic. eukatyotic. or mammalian. especially 
human DNA or RNA from human cells or tissue: or to DNA 
that has been cloned from genomic DNA or from RNA 
sequences; or to DNA that has been ampli?ed from an 
organism's DNA using the technique of polymerase chain 
reaction. Nucleic acid “native. to an individual" refers to 
DNA or RNA that has been extract from. cloned from. or 
ampli?ed from cells or tissue of a member of a species. 
Where a nucleic acid is “suspected to contain” a nucleotide 
variation. it is not known whether the nucleic acid contains 
the variation prior to performing the method of the inven 
tion. 

Other features and advantages of the invention will be 
apparent from the following description of the preferred 
embodiments. from the drawing. and from the claims. 

DETAILED DESCRIPTION OF THE 
INVENTION 

We ?rst brie?y describe the drawings. 
Drawings 

FIG. 1 schematically illustrates a method of detecting 
nucleic acid sequence mismatches; 

FIG. 2 schematically illustrates a method for performing 
genetic disease diagnosis using a method of the invention in 
which the reference nucleic acid is labeled or detected using 
other means; 

FIG. 3 schematically illustrates a method of a?inity 
purifying heteroduplex nucleic acid molecules using a mis 
match binding protein; 

FIG. 4 schematically illustrates heteroduplex a?‘lnity puri 
?cation in which heteroduplex mismatch binding protein 
complexes are fractionated; 
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FIG. 5 schematically illustrates a method of detecting 
nucleic acid sequence mismatches using an array of plural. 
separate reference nucleic acids arranged on a solid support; 

FIG. 6 schematically illustrates a method of detecting 
nucleic acid sequence mismatches using a band shift assay; 

FIG. 7 illustrates the results of a band shift assay; and 
FIG. 8 schematically illustrates a method of differentially 

cloning nucleic acids sequences containing sequence varia 
tions. 

FIG. 9 is a polyacrylamide gel showing the results of 
puri?cation of histidine-tagged MutS. 

FIG. 10 schematically illustrates a method of differen 
tially analysing test/reference nucleic acid hybrids contain 
ing a mismatch. 
We next describe preferred embodiments of the invention. 

L Preparation of Nucleic Acids 
Test or reference nucleic acids can be prepared using a 

variety of techniques. For example. nucleic acid can be 
extracted from cells and used directly. or a speci?c region of 
extracted nucleic acid may be ampli?ed; alternatively. 
nucleic acid may be synthesized. 

Cultured cells. tissue or blood samples may be used as a 
source or as the source of a nucleic acid sequence. Cultured 
monoclonal cell lines will give a single type of test nucleic 
acid. and cultured polyclonal cell lines can be used to check 
for differences between one standard nucleic acid and a 
library of nucleic acids containing many dilferent test 
DNAs. Either chromosomal and/or extra-chromosomal 
DNA. such as plasmid DNA. can be isolated for use as test 
or reference nucleic acid. 

Nucleic acid can be extracted from cells. puri?ed. and 
digested with restriction enzyme(s) to create nucleic acid 
fragments. and also may be subsequently ampli?ed. The 
polymerase chain reaction (PCR) can be used to amplify a 
given region of nucleic acid in order to limit the scope of 
inquiry to this region. by choosing appropriate primers that 
?ank the region of interest. In addition. multiple primers can 
be used at once to amplify a set of regions of interest for 
simultaneous comparison. 

Test or reference nucleic acid may also be prepared from 
synthetic DNA. DNA can be synthesized. and one or more 
oligonucleotides may be used as a test or reference nucleic 
acid. Oligonucleotides are particularly useful as reference 
nucleic acid for moderate size regions. 

Atest or reference nucleic acid may also include a mixture 
of two or more of cellular DNA. ampli?ed DNA. and/or 
synthetic DNA. for simultaneous comparison of different 
nucleic acid loci. 

1. Representational Difference Analysis. 
If desired. a nucleic acid sample may be treated so as to 

reduce the complexity of the sample by removing irrelevant 
or unnecessary nucleic acid sequences. e.g.. using represen 
tational difference analysis. subtractive hybridization or 
ldnetic enrichment (Kinzler et al.. Nucleic Acid Research 17. 
103645 1989); Lisitsyn et al.. Science 2592956 (1993). both 
references of which are hereby incorporated by reference). 
The complexity of a nucleic acid sample may be decreased 
signi?cantly by preparing a representative portion of each of 
the test and reference nucleic acid samples. or of the 
denatured and reannealed test/reference sample. as 
described by Lisitsyn et al.. supra. Nucleic acid populations 
of reduced complexity. i.e.. “representations”. allow for 
detection of nucleotide sequences differences between two 
complex genomes. One method of creating a representative 
portion of a nucleic acid sample is to selectively amplify 
certain fragments relative to others. For example. test or 
reference nucleic acid is ?rst cleaved into restriction 
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10 
fragments. and then PCR tails are ligated onto the ends of the 
fragments. If the restriction sites chosen for cleavage occur 
infrequently. then the average restriction fragment size will 
be large. Upon ampli?cation of the tailed fragments using 
PCR primers that are complementary to the tail sequences. 
the smaller fragments of the mixture will be selectively 
ampli?ed. Thus. a representative nucleic acid sample is 
created which contains the relevant sequences but is signi? 
cantly less complex than the original nucleic acid sample. 
Subsequent reiterations of the method will further enrich the 
sample for relevant sequences. 

Test or reference nucleic acids also may have identical 
primer sequences incorporated at their ends to permit the 
later ampli?cation of the heteroduplex nucleic acid; for 
example. PCR tails may be added onto the ends of. e.g.. the 
“A” and “13" samples in FIG. 1. prior to step 1. and PCR 
ampli?cation may be performed at a later step in the 
procedure. 

2. Differential PCR Tailing. 
PCR also can be used so as to allow subsequent ampli 

?cation of only test-reference hybrids. and thus reduce the 
frequency of test-test and/or reference-reference hybrids in 
the sample. FIG. 10 schematically illustrates this method It 
will be appreciated that complete or partial digestion by 
multiple restriction enzymes yields non-symmetric 5' and 3' 
ends suitable for differential PCR tail ligation. Of course. the 
?rst PCR tail may be ligated onto reference nucleic acid and 
the second PCR tail may be ligated onto test nucleic acid. 
According to this method of the invention. only test 
reference hybrids will undergo exponential ampli?cation. 
This method is described in detail below. 

3. Di?‘erential Strand Labeling. 
Test and reference nucleic acids may also be diiferentially 

labeled to allow their progress to be traced through the 
comparison process. For example. a test nucleic acid can be 
left unlabeled and the reference nucleic acid (or another test 
nucleic acid) can be. for example. end-labeled with 32P by 
a lcinasing reaction. Any appropriate labeling method may 
be used; e.g.. to permit detection of radioactively-labeled 
nucleic acid or chrornogenic or chemiluminescent detection 
of. for example. a biotin labeled nucleic acid. In addition. 
determining the presence or absence of speci?c nucleic acid 
sequences may be achieved by differential detection. e.g.. 
using different PCR primer sequences which are sequence 
speci?c for the fragments of interest. The subsequent selec 
tion of corresponding primer oligonucleotides for use in the 
PCR ampli?cation reaction. followed by analysis of the 
ampli?ed nucleic acid. will give ampli?cation of the 
selected nucleic acid. 
11. Preparation of Heteroduplexes and Homoduplexes 

Heteroduplex nucleic acid includes double stranded 
nucleic acids in which the molecules contain one strand each 
from the test and reference nucleic acids. If the test and 
reference nucleic acids contain ditferences. annealing of test 
and reference strands will create heteroduplex molecules. 
Where the test and reference nucleic acids are completely 
homologous or the test and reference strands anneal as 
test/test or referencefreference hybrids. a homoduplex will 
be created. The heteroduplex molecule forms despite the 
mismatch because the remainder of the matched base pairs 
stabilizes the heteroduplex molecule. Thus. heteroduplex 
molecules are formed by fragments that are similar enough 
to anneal but that contain mismatches. 
The degree of similarity necessary for a heteroduplex to 

be formed can be controlled by the stringency of the 
annealing conditions. For example. if the annealing reaction 
is run at an elevated temperature. single stranded molecules 
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will need to have increased sequence similarities before they 
can form heteroduplexes. Conditions for annealing of 
nucleic acids to form hybrids are well-known in the art or. 
if unknown. can be determined by routine experimentation. 
See. for example. Alt et a1. (1978. J. Biol. Chem. 253:1357. 
hereby incorporated by reference). 
A standard method of denaturing and reannealing nucleic 

acids which may be used to prepare heteroduplexes accord 
ing to the invention is the following. The test nucleic acid is 
suspended in 100 ul of IX SSC buffer (0.15M NaCl. 0.015M 
Nacitrate) in an eppendorf tube. The tube is placed in a 
beaker of water. and the beaker of water is placed in a 
boiling water bath until the water in the beaker boils. After 
ten minutes of boiling. the beaker is removed from the water 
bath. and allowed to cool to 65° C.. and placed in a 65° C. 
water bath. The 65° C. water bath is switched off. The 
nucleic acid is allowed to anneal during cooling of the 65° 
C. water bath to room temperature. The nucleic acid can then 
be ethanol precipitated and resuspended in TE buffer. 
111. Identi?cation of Heteroduplex Fragments 
FIGS. 1-6 and 8 schematically illustrate methods for the 

detection and/or analysis of genetic differences according to 
the invention. FIG. 7 shows the results of one such identi 
?cation. 

In FIG. 1. a method of detecting a nucleotide pair mis 
match is shown schematically. In step 1. test and reference 
nucleic acids (samples A and B. respectively. each sample 
containing two di?erent nucleic acid fragments. 1 and 2. 
respectively). are denatured and reannealed such that single 
stranded molecules from sample A nucleic acid and sample 
B nucleic acid reanneal to form duplexes. Fragment 2 in 
each of the test and reference samples is identical (i.e.. 
contains no mismatches). and forms a homoduplex after the 
reannealing process. In contrast. fragment 1A differs from 
fragment 18 by only a single base pair mismatch. When a 
single strand of fragment 1A reanneals with a single strand 
of fragment 1B. a heteroduplex nucleic acid molecule forms 
("1A/ 1B” in the ?gure) containing a mismatched base pair. 
This is shown schematically in FIG. 1 as the mixture of 
denatured and reannealed fragments between steps 1 and 2. 
Fragments 1A/ 1B and 1B] 1A each contain a nucleotide pair 
mismatch. whereas fragments labeled “lA/lA”. “lB/lB". 
and “2” are fully complementary. The mixture of fragments 
is then subjected to a binding reaction in which the mismatch 
binding protein is allowed to bind to fragments containing 
mismatches. The results of the binding reaction are shown 
schematically in step 2 of FIG. 1. in which the protein is 
shown bound to each of fragments “1A/1B.” and “113/ 1A" 
containing mismatches. In step 3. the mismatches are 
detected and/or quantitated. Examples of detection and 
quantitation of nucleotide pair mismatches are disclosed 
herein. Optional steps in the method shown in FIG. 1 and in 
other ?gures include the addition of competitor nucleic acid 
prior to binding of the mismatch binding protein to reduce 
nonspeci?c binding to matched nucleic acid. and thus reduce 
background; and the ampli?cation of a sample containing 
heteroduplex nucleic acid at some step prior to detection or 
quantitation. These optional steps are discussed more fully 
below. 

In FIG. 2. a quantitative method of genetic disease 
diagnosis according to the invention is schematically shown. 
Patient nucleic acid is prepared according to conventional 
techniques. and cleaved into restriction fragments. The 
nucleic acid standard. to which the patient nucleic acid is to 
be compared. contains “normaP‘ nucleic acid fragments. i.e.. 
nucleic acid fragments having a sequence known to re?ect 
the normal gene functions. In this example. either the 
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12 
nucleic acid standard is labeled or the mismatch binding 
protein is labeled The two nucleic acid samples are then 
subjected to any one of the methods of the invention, 
including those illustrated in the ?gures. This step is referred 
to as “Nucleic Acid Comparison” in FIG. 2. The results of 
the nucleic acid comparison. i.e.. the detection or isolation of 
hybrid nucleic acid fragments of patient/standard nucleic 
acid containing one or more nucleotide pair mismatches. 
may be subjected to quantitative analysis by quantitating the 
data present in both input and output samples. 

In FIG. 3. a method of selectively enriching for nucleic 
acid hybrids containing mismatches is shown. In this ?gure. 
the a?inity puri?cation step involves the selectively seques 
tering of heteroduplex nucleic acid using a mismatch bind 
ing protein. Step 1 of FIG. 3 is similar to step 1 of FIG. I. 
and involves the denaturation and annealing of a test and a 
reference nucleic acid sample (A and B. respectively). The 
mixture of annealed nucleic acid is shown. as in FIG. 1. The 
annealed mixture is then subjected to an a?inity puri?cation 
reaction in which heteroduplex nucleic acid is bound by a 
mismatch binding protein under appropriate binding 
conditions. as described herein. The a?inity puri?cation 
reaction may be an immunoprecipitation reaction in which 
the mismatch binding protein is allowed to bind to the 
nucleic acid. followed by immunoprecipitation using an 
antibody. as described below. Alternatively. the a?inity 
puri?cation reaction may include subjecting the annealed 
mixture to mismatch binding protein coupled to beads. e.g.. 
in a free slurry or poured into a column matrix. The bound 
heteroduplex nucleic acid will become sequestered with the 
beads and will thus be separable from the unbound nucleic 
acid. After separation. the bound nucleic acid is eluted or 
released (Step 3). The mismatch binding protein may be 
attached to any solid support that will permit the separation 
of free nucleic acid from nucleic acid bound by the mis 
match binding protein. 

A?inity puri?cation of heteroduplex nucleic acid may 
involve any of a number of al?nity puri?cation techniques. 
and is not limited to that discussed above. For example. as 
shown in FIG. 4. the a?inity step may involve selectively 
sequestering of the entire heteroduplex/mismatch binding 
protein complex. rather than just the heteroduplex nucleic 
acid itself. Steps 1 and 2 of FIG. 4 are similar to steps 1 and 
2 of FIG. 1. in which the annealed mixture is formed and 
subjected to a binding reaction in which mismatch binding 
protein binds to heteroduplex nucleic acid in the mixture. In 
step 3. the heteroduplex/binding protein complexes are 
selectively retained. e.g.. by a matrix to which an antibody 
speci?c for the binding protein is coupled. The complexes 
may then be eluted (step 4). followed by isolation of the 
heteroduplex nucleic acid (step 5). e.g.. by phenol extraction 
of protein and ethanol precipitation of nucleic acid. 

FIG. 5 shows an alternative method of genetic disease 
screening and diagnosis in which nucleotide pair mis 
matches are detected in a simple assay. This method is a 
speci?c embodiment of that shown in FIG. 1. and involves 
a solid support in which quantities of reference nucleic acid 
are spotted onto a membrane in an ordered pattern. The 
standard (reference) and the patient (test) nucleic acids are 
then denatured and annealed according to conventional 
techniques. After the hybrids are allowed to form. the 
membrane is subjected to a binding reaction in which 
mismatch binding protein is allowed to bind to any hetero 
duplexes which may have formed. After unbound mismatch 
binding protein is washed off the membrane. the presence of 
bound mismatch binding protein is detected using any 
appropriate detection technique disclosed herein or known 
in the art. 
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An alternative to ?xing the reference nucleic acid on a 
solid support is to ?x the test nucleic acid on a solid support. 
The technique outlined in FIG. 5 can be applied to this 
alternative method. with the modi?cation that reference 
nucleic acid is annealed to the ?xed test nucleic acid 
Methods of ?xing test nucleic acid to a solid support include 
crosslinking. alkaline transfer to a membrane. or other 
techniques. as described in Ausubel et al.. eds.. 1992. current 
protocols in Molecular Biology. John Wiley 8: Sons. New 
York. also herein incorporated by reference. Alternatively. in 
situ hybridization. also as described in Ausnbel. can be used 
to directly anneal reference nucleic acid to test nucleic acid 
that is contained in sectioned cells. Annealing can be option 
ally performed in the presence of competitor nucleic acid. 

Another alternative method of genetic disease screening 
or diagnosis involves the detection of nucleotide pair mis 
matches using a band shift assay. FIG. 6 illustrates this 
method. In steps 1 and 2. the patient (test) nucleic acid is 
denatured and annealed to reference nucleic acid and 
allowed to bind to mismatch binding protein. as described in 
FIG. 1. The bound nucleic acid is then electrophoresed on an 
agarose gel. This method takes advantage of the decreased 
mobility of bound heteroduplexes relative to unbound 
hybrids in agarose. As shown schematically in FIG. 6. the 
control lane (left). in which the annealed fragments were not 
subjected to mismatch binding protein. contains only homo 
duplex fragment 2 (top) and lA/lA. lB/lB. or unbound 
heteroduplex lA/lB or lB/lA (bottom). whereas the experi 
mental lane (right) contains both homoduplex bands (top 
and bottom) and the middle heteroduplex band (IA/1B or 
113/ 1A). The results of such an assay are shown in FIG. 7. 
Mismatch binding protein was allowed to bind under bind 
ing conditions to a mixture of nucleic acid fragments. and 
then subjected to agarose gel electrophoresis. The mobility 
of the nucleic acid fragment in the mixture that contained a 
nucleotide pair mismatch is near the top of the gel (lane 2) 
and thus was selectively slowed relative to the faster running 
unbound nucleic acid fragments. which migrated to the 
bottom of the gel. The control lanes in FIG. 7 (lane 1 and 3) 
show that when no mismatch binding protein is added to the 
binding reaction. there is no binding to fragments and 
consequently no fragments migrating with the bound frag 
ments in the gel. 
A genetic disease may be not only detected. but also 

further analyzed to learn more about the genetic cause of the 
disease using the mismatch detection and isolation methods 
of the invention. Such analysis may include determining the 
nucleotide sequence of the strands of the isolated heterodu 
plex nucleic acid. or may involve the cloning of that portion 
of the patient’s nucleic acid that contains the nucleotide 
sequence difference. FIG. 8 schematically illustrates a 
method diiferential cloning of heteroduplex strands. Test 
nucleic acid includes heteroduplex nucleic acid from 
samples A and B as shown in FIGS. 3 or 4. This nucleic acid 
was prepared by annealing a patient and a standard nucleic 
acid and purifying the heteroduplexes bound by the mis 
match binding protein to produce mixture 1 in the ?gure. 
Reference nucleic acid in FIG. 8 is prepared from mixtures 
1 and 2. Mixture 2 is prepared by denaturing and annealing 
sample A with itself and purifying heteroduplexes bound by 
mismatch binding protein. Similarly. mixture 3 is prepared 
by denaturing and annealing sample B with itself and 
purifying heteroduplexes bound by mismatch binding pro 
tein. Mixtures 2 and 3 are then pooled without denaturing 
and reannealing again to produce the reference nucleic acid. 
The test A/B and reference AIA and 13/8 nucleic acids are 
then subjected to the differential cloning method described 
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below. This method produces clones of A and B nucleic 
acids that were part of a AIB heteroduplex. 
IV. MutS Binding Reaction 
The mismatch binding protein MutS from Salmonella 

typhimurium selectively binds mismatches in heteroduplex 
molecules. MutS also binds mismatches that include deleted 
or added bases. Additional mismatch binding factors. such 
as MutL. can also be used in the binding reaction as an 
alternative to or in combination with MutS. to increase 
binding. MutS protein can be puri?ed using the MutS 
overproducer plasmid pGWl825 (Habm et al.. 1988. J. 
Bacteriol. 170:197) and the method of Sn and Modrich 
(1986. Proc. Nat. Aca. Sci. 8325057). MutL has been cloned 
into plasmid pGW1842 (Mankovich et aL. 1989. J. Bacte 
riol. 171:5325). and can be puri?ed using the method of 
Griley et a1. (1989. J. Biol. Chem. 264:1000). Haber et al.. 
1988. Su et al. 1986. Griley et al.. 1989. and Mankovich et 
a1. 1989 are all hereby incorporated by refmence. 
The mismatch binding protein/heteroduplex binding reac 

tion is typically performed as follows. The reaction is 
performed in assay buifer (20 mM Tris.HC1 pH 7.6. 5 mM 
MgCl2. 0.1 mM D'IT. and 0.01 mM EDTA) for 30 minutes 
on ice. Typical binding reactions are 10 pmol total volume. 
with 0.2 pmol of duplex DNA and 40 pmol of mismatch 
binding protein. e.g.. MutS. The addition of ATP to the 
binding reaction may increase the efliciency of binding of 
the protein or of cofactors such as MutL. 

In addition to selectively binding heteroduplex nucleic 
acid. MutS nonspeci?cally binds to homoduplex nucleic 
acid to some degree. In order to reduce nonspeci?c binding. 
competitor (i.e.. homoduplex) nucleic acid may be added to 
the heteroduplex mixture prior to the binding reaction or the 
affinity fractionation step. as shown in FIGS. 1. 3. and 4. 
Where the test or reference nucleic acid is labeled. as shown 
in FIG. 2. the use of excess unlabeled competitor DNA will 
cause most non-speci?c binding to occur on unlabeled 
nucleic acid. as is more fully described below. Thus. the 
effect of non-speci?c interactions will be minimized if the 
label is used to follow the progress of the fractionation. 
Competitor nucleic acid is also useful in the ampli?cation 
process. Starting nucleic acid can be prepared with PCR tails 
to permit ampli?cation. as shown in FIG. 1. step 2. If 
competitor nucleic acid lacking these PCR tails is added to 
the mixture prior to ampli?cation. the effect of non-speci?c 
interactions will be minimized on PCR ampli?ed heterodu 
plex nucleic acid because competitor nucleic acid that 
appears in the heteroduplex mixture will not be amplified. 
V. Detection of Nucleotide Pair Mismatches 
The detection of heteroduplex nucleic acid according to 

the invention is accomplished using a binding assay in 
which one or more mismatch binding protein(s) bind to a 
nucleotide mismatch to form a nucleic acid/protein complex 
which is subsequently detected. 

For diagnosis of a genetic disease where the mutation that 
causes the disease is known. the invention provides methods 
which enable detection of the presence of heteroduplexes 
between patient and reference nucleic acids. The invention 
utilizes known methods of nucleic acid hybridization to 
form duplexes of test and references strands. and provides 
inventive methods for the sensitive detection of even a 
single base pair mismatch in a heteroduplex. Thus. a genetic 
disease. one example of which is sickle-cell anemia. which 
involves the substitution of a thymine for an adenine at 
position 17 of the gene sequence encoding the beta chain of 
hemoglobin. is easily diagnosed by the mismatch detection 
methods of the invention. as described below. Other diseases 
involving genetic mutations which are diagnosable accord 



5,750,335 
15 

ing to the invention include the following. For example. 
Tajima et al. (Jour. Biochem. 105:249. 1989) disclose a 
gGAG->AAG base change which leads to a Glu-->Lys 
amino acid substitution and results in apolipoprotein E 
(ApoE) de?ciency; Hirshhorn et al. (Jour. Clin. Invest. 
83:487. 1989) describe a mutation which leads to adenosine 
deaminase (ADA)“de?ciency. Le. a single base change 
(CCG—>CAG) leading to a Pro-)Gln amino acid substitu 
tion; Jagadees et al. (Jour. Cell. Biol. Suppl. 13E;291. 1989) 
describe mutations at seven different locations within the FX 
gene. GAT->AAT resulting in an Asp-)Asn substitution at 
position 58. GTG->ATG resulting in a Val-)Met substitu 
tion at position 68. GCC—>ACC resulting in a Glu—)Lys 
substitution at position 156. TCC—->TI‘C resulting in a 
Ser—>Phe substitution at position 188. GCC-—)ACC resulting 
in an Ala-)Thr substitution at position 335. and 
GGG-—>AGG resulting in a Gly-aArg substitution at posi 
tion 447. each mutation of which results in a Factor X 
de?ciency; Ginsburg et al. (Proc. Nat. Aca. Sci. 86:3723. 
1989) describes two mutations. GTC-aGAC and 
CGG—>TGG resulting in Val->Asp and Arg—)Trp substitu 
tions at positions 844 and 834. respectively. each of which 
produces a defective von Willebrand Factor 2a; Matsuura et 
al. (Jour. Biol. Chem. 264:10148. 1989) describe a mutation 
which leads to adenylate kinase de?ciency (CGG-aTGG) 
leading to an Arg—)Trp amino acid substitution; Dilella et al. 
(Nature 327 :333. 1987) describes a mutation within the PAH 
gene. tCGG—>TGG resulting in an Arg—)Trp substitution at 
position 408. which produces the condition known as phe 
nylketonuria; Bock et al. (Biochem. 27:6171. 1988) disclose 
a CCI'—>CIT single base change which leads to a Pro-)Leu 
amino acid substitution and results in antithrombin III 
de?ciency; Ohno et al. (Jour. Neurochem. 50:316. 1988) 
reports on a CGC—>CAC mutation resulting in an Arg—->His 
substitution at codon 178 of the HexB gene which produces 
Tay-Sachs disease; Gibbs et al. (Proc. Nat. Aca. Sci. 
86:1919. 1989) discloses mutations at seven di?'erent 
codons of the HPKI‘ gene. TCI‘—>'ITA resulting in a 
Phe—)Leu substitution at position 73. TI‘G—>TCG resulting 
in a Lou-)Ser substitution at position 130. GCA—>TCA 
resulting in an Ala-)Ser substitution at position 160. 
CGA—->TCA resulting in premature termination of n'ansla 
tion at position 169. 'I'I'C—->GTC resulting in a Phe-->Val 
substitution at position 198. CAT-—>GAT resulting in a 
His-—>Asp substitution at position 203. and TGT—>TAT 
resulting in a Cys—>'I‘yr substitution at position 205. each 
mutation of which results in HPRI‘ de?ciency; and Vulliamy 
et al. (Proc. Nat. Aca. Sci. 85:5171. 1988) discloses muta 
tions at seven di?erent positions within the G6PDH gene. 
GAP-)AA'I‘ resulting in an Asp—->Asn substitution at posi 
tion 58. GTG-aATG resulting in a Val-)Met substitution at 
position 68. AAT—>GAT resulting in an Asa-)Asp substi 
tution at position 126. GAG-—>AAG resulting in a Glu—>l.ys 
substitution at position 156. TCC—>'ITC resulting in a 
Ser—)Phe substitution at position 188. GCC—)ACC resulting 
in an Ala->Thr substitution at position 335. and 
GGG-QAGG resulting in a Gly—>Arg substitution at posi 
tion 447. each mutation of which produces a condition 
known as G6PDH de?ciency. 
A spot detection assay may be used to detect mismatches. 

as shown in FIG. 5 and described above. This method allows 
for the detection of genetic di?erences between a nucleic 
acid standard (a reference nucleic acid) and a number of test 
nucleic acids. Any number of conventional detection meth 
ods well-known to those skilled in the art may be used; e.g.. 
direct detection of. e.g.. labeled mismatched binding protein. 
detection of a ?uorescent antibody capable of binding the 
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mismatch binding protein. or detection of an antibody con 
jugated to an enzyme that reacts with a chromogenic sub 
strate. 
Also included in the invention are detection methods 

based on the use of modi?ed nucleic acid and proteins 
capable of binding the modi?ed nucleic acid. For example. 
a modi?ed base may occur as part of a mismatched nucle 
otide pair. and a mismatch binding protein capable of 
binding to the mismatched pair containing the modi?ed base 
may be used for detection. 
A band shift assay may also be used to detect bound 

heteroduplex nucleic acid according to the invention. as 
described above for FIGS. 6 and 7. 

Other detection methods useful in the invention are illus 
trated by way of FIG. 1. Heteroduplexes are formed in step 
1 and allowed to bind to mismatch binding protein in step 2. 
The heteroduplex/mismatch binding protein complexes may 
then be separated from free nucleic acid by immunoprecipi 
tating the complexes with an antibody speci?c for the 
mismatch binding protein in step 3. e.g.. using the method of 
McKay (supra). MutS polyclonal antibodies can be prepared 
according to conventional antibody preparation procedures 
using the following procedure. 

Puri?ed MutS is electrophoresed on an 8% polyacryla 
mide gel. After soaking in water 10 min. to remove the SDS. 
the gel is stained for 10 min in 0.1% coomassie blue in 
water. and then destained in water. The MutS band is cut out. 
chopped up into ?ne pieces with a razor blade. 1 ml of PBS 
(137 mM NaCl. 2.7 mM KCl. 4.3 mM Na27H2O. 1.4 mM 
KH2PO4. pH 7.3) is added. and the mixture is ground up 
further by passage through progressively smaller syringes. 
Rabbits are injected with 500 pg of a mixture of fractions 
containing the MutS protein. Protein for boosts is prepared 
in the same way. except that Freunds incomplete adjuvant is 
used. The rabbits are boosted twice with 100 pg of the MutS 
fractions. and bled to obtain serum. 
The serum is pre-absorbed and used in immunoblotting 

according to the protocols of Harlow and Lane (1988. 
“Antibodies. A Laboratory Manual.” Cold Spring Harbor 
Press. CSH. New York). hereby incorporated by reference. 

After the immunoprecipitation step. heteroduplex nucleic 
acid fragments may be optionally isolated for further analy 
sis by performing a phenol extraction to remove the binding 
protein and anti-binding protein antibody. 

Alternatively. other means of detecting bound mismatch 
binding protein may be used; e.g.. the mismatch binding 
protein itself may be labeled or one strand of the heterodu— 
plex nucleic acid may be labeled and followed into bound 
nucleic acid. also as described herein. Additional detection 
techniques are described below as procedures for fraction 
ation; e.g.. a mismatch binding protein binding column 
which binds to mismatch binding protein by virtue of a 
sequence in the binding protein which is recognized by a 
moiety on the column. 
VI. A?inity Fractionation of Heteroduplexes 
The invention also provides for selective enrichment of 

heteroduplexes within a sample by a?inity fractionation of 
fragments containing mismatches. thereby achieving more 
sensitive detection of the mismatch(es). 
The proportion of heteroduplexes in a sample may be 

substantially increased using af?nity fractionation. as shown 
schematically in FIG. 3. The mixture containing heterodu 
plexes is subjected to a?inity puri?cation. in which the 
heteroduplexes are bound to and subsequently eluted from a 
solid support to which mismatch binding protein is coupled 
In FIG. 4. the heteroduplex/mismatch binding protein com 
plexes are selectively retained by a matrix to which any 






















